For predicting effective fective diffusivities of bi-disperse porous media, an improved model in which tortuosity factors of the macro-and micropores are taken into account is proposed on the basis of the Wakao and Smith random pore model. The diffusion fusion rates of binary gases at constant pressure and the effective difusivity are derived according to the model.
I. Introduction
Overall rate of gaseous reduction of iron oxide pellets is controlled not only by chemical reaction between iron oxide and reducing gas but also by counter diffusions of reducing and product gases through the gas film and the porous shell.
And especially the latter diffusion step has a great influence on the overall rate in general.' Therefore, evaluation of effective diffusivities of iron oxide pellets is important in order to analyze the overall rate quantitatively.
There are many other solid-gas reactions in which diffusion through the porous body may play a role as the ratecontrolling step; for example, gasification of coke and reaction processes with catalyst pellets. experimental values of diffusion rates through bi-disperse porous bodies as well as mono-disperse ones better than the random pore model. However, their bl-disperse porous bodies can be regarded as monodisperse ones. Therefore, their conclusion should be reexamined when both of the diffusions through macro-and micropores contribute to the overall rates in much the same degree. There were also some experimental analyses9-11~ based on a dusty gas model which took into account the effect of pressure gradient but did not relate directly to the pore structure of a porous medium such as the pore-radii distribution and the tortuosity factors. In the present paper, an improved model in which tortuosity factors of the macro-and micropores are taken into account is proposed on the basis of the random pore model.4~ The diffusion rates of binary gases at constant pressure through bi-disperse porous media and the effective diffusivities are derived according to the present model. The theoretical effective-diffusivities calculated by using experimental data reported previously4'8~ are compared with the experimental effective-diffusivities. In order to examine the influence of an inert gas on the diffusion process, solutions to the Stefan-Maxwell equations for equimolar counter diffusion in a ternary gas mixture at constant pressure through bi-disperse porous media are derived on the basis of the model; the diffusion rate and the effective diffusivity in this system are presented.
II. Effective Difusivities
of Bi-disperse Porous Media Figure 1 illustrates the diffusion system for bi-disperse porous media at constant pressure. The dotted semisquares represent the unit constituent particles containing micropores and the spaces between them are the macropores. The area void fractions are assumed to be the same as the volume void fractions, as introduced in the random pore model.4~ Then the area fractions of macropores, micropores and solid on a plane perpendicular to the direction of diffusion are given by the respective volume fractions, namely, ema~ emi, and es. It is supposed after the random pore model4~ that the * ** *** sample is cut at the plane and the two surfaces are rejoined. Then the diffusions through 1) the macropores, 2) the micropores, and 3) the macro-and micropores in series may be set up with respective areas of 1) seta, 2) (1-sma)2, and 3) 2 Ema (1-Ema) per unit total area on the rejoined plane. In the second case, however, the effective void area of micropores per unit area in the particles is smi/(1-ema)2. The Stefan-Maxwell equations for one-dimensional diffusion in a ternary gas mixture A-B-C at constant pressure through straight capillaries are given bys,22~ 
Transactions ISIJ, Vol. 22, 1982 HART/P = Deff(XA1-xA2)/L ............. (17) Then, the effective diffusivity Deff is written by combining Eqs. (11) and (17) In the region of molecular-diffusion control at high pressures, namely, in the case of DABCDKA,mj (mj= ma, mi), Eq. (18) becomes
Because DKA is independent of pressure as shown in Eq. (7), Deft of Eq. (19) is either. On the other hand, because DAB is inversely proportional to pressure in general, Deft of Eq. (20) also is. In the case of the parallel pore model , combination of Eqs. (15) and (17) gives the following effective diffusivity :
Deff -DAB -emj in 1--axA2+DAB/DKA,mj a(xAl-xA2) zmj ii -aXA1+DAB/DKA ,mj 
III. A Method for Determining
Tortuosity Factors Concerning Macro-and Micropores When effective diffusivity is estimated from Eq. (18), tortuosity factors zma and zmi should be known beforehand; an approximate method for determining them is proposed below.
If an arbitrary value is tentatively given to /9 and the following relation is assumed :
. (22) then combination of Eqs. (11) and (22) gives Vm = (Hma+Hmi+Hma -mi)PDAB/(NAR TLa) , ... (23) where, 27) then Eq. (23) can be approximated as follows:
Therefore, when values of Vm are plotted as a function of 'ma or Imi, zma, or zmi can be evaluated approximately from a point of intersection of a line suitable for those plots and the line 'ma= 1 or Imi=1.
Iv. Examination Based on the Previous Experimental Results
The validity of the above-mentioned method for estimating effective diffusivity on the basis of the improved random pore model is examined below by using the experimental data on counter diffusion of the binary system N2 H2 through bi-disperse porous bodies by Wakao and Smith4~ and Henry et al.8~ (see Table 1 ). Figure 2 exemplifies the values of Vm calculated from Eq. (23) by using the above-mentioned data as a function of 'ma, and values of zma are determined by the method proposed in the last section. When any appropriate value is given to /3, it is found from the forms of Eqs. (27) and (28) that the value of zma or zmi can be determined irrespective of the value of /3 as 'ma --~ 1 or 'ml -~ 1. Therefore, in this figure /3=1 is given. However the values of zma for some porous bodies and the values of zmi for all the porous bodies in Table 1 cannot be determined by this method, because there are no data available near the region 'ma N 1 or Imi N 1 and/or because the plots scatter considerably. Therefore, in these cases unity is tentatively given to the tortuosity factors as shown in Table  1 , although it is unsatisfactory.* Theoretical values of effective diffusivity based on the improved model are calculated from Eq. (18) by using those values of tortuosity factors. As two extreme cases, effective diffusivities in the regions of Knudsen and molecular diffusion controls are evaluated from Eqs. (19) and (20) 
In order to calculate the theoretical values of effective diffusivity based on the parallel pore model, it is necessary to evaluate the value of r in Eq. (21) beforehand. First, which is the controlling step, macro-or micropore diffusion, is roughly decided by comparing the following values of Jma and Jmi. The percentage of contribution of each diffusion process to the value of effective diffusivity is defined on the basis of Eq. (18) The contribution factors Jm; thus calculated are also shown in Table 1 with reference to the corresponding pressure range. Secondly, the value of zm; (mj=ma or mi, depending on the decision) is so determined that the experimental values of Deff are well reproduced by the theoretical values of Deff calculated from Eq. (21) over the experimental pressure range. The values of r 1 thus obtained are also shown in Table 1 . Figures 3 and 4 show the four kinds of effective diffusivities as a function of pressure; those are theoretical values based on the improved model, the random pore model, and the parallel pore model as well as experimental values of Wakao and Smith4~ (see Fig. 3 ) or Henry et al.8> (see Fig. 4 ). On the whole, theoretical values based on the improved model show better agreement with the experimental values over the experimental pressure range than those based on the other models. Figures 5 and 6 show comparison of theoretical curves calculated by Eq. (18) as substitutes for the experimental values with those calculated by Eqs. (19) and (20) under the experimental conditions carried out by Wakao and Smith4~ and Henry et al.,s~ respectively. Which region the experimental data belong to, Knudsen-diffusion-control, transition, or molecular-diffusion-control regions, is examined in consideration of Figs. 3 and 4 ; it is shown that the experimental data for solids 1 ''4, D, and E belong to the part of transition region which is adjacent to Knudsen-diffusion-control region, those for solid A belong to the part of transition region which is adjacent to molecular-diffusion-control region, and those for solids B and C belong to the central part of transition region. The former situations are considered to be caused by the facts that the experiments for solids 1 -4 were done at fairly low pressures less than 1 atm and solids D and E had very small macropore-radii. The experimental results for solids A, B, and C are thought to have reasonable tendency by taking into account the pressure ranges and the macropore radii.
One of the criteria, under what conditions diffusion through a porous body is described by the simple equation for Knudsen or molecular diffusion, is to compare the values of DAB and DKA,mj (mj=ma, mi), but it will depend on the properties of the porous body and the experimental conditions. The other criterion is to compare the experimental data with the theoretical curves calculated by Eqs. (19) and (20) 
V. Influence of an Inert Gas on Equimolar Counter Diffusion through Bi-disperse Porous Media It is shown in the last section that diffusion through bi-disperse porous media is well described by the equation based on the improved random pore model. Now, influence of an inert gas (component C) on equimolar counter diffusion through such a body is investigated analytically on the basis of this model.
In this case, the following relations Here also, the total pressure is assumed to be constant. Then, integration of Eq. where, DKB,ma-mi is given from Eq. (13) by substituting B into A and XC1 and xC2 are given from Eq. (14) by substituting C into A. Hara et a1.23~ showed in the region of molecular diffusion that the steady state diffusion caused a certain gradient of concentration of a stagnant inert gas C. Equation (36) implies the same diffusion behavior even through bi-disperse porous media in the transition region as well as in the region of molecular diffusion.
VI. Influence of an Inert Gas on Effective Diffusivity Although the effective diffusivity in such a ternary system as mentioned in the last section can be easily derived by combining Eqs. (17) and (36), the resultant expression is hard to use as it is, because it contains four mole fractions, namely, XA1, XA2, X01, and xC2. Therefore, an approximate expression for the effective diffusivity is derived below.
Equations (31) and (32) 41) where Gmj (mj=ma, mi) is given by Eq. (40) after replacing DKA and DKB by DKA,mj and DKB,mj, respectively. Now, the equimolar counter diffusion in the ternary system, H2-H2O-N2* at 800°C through the solid 2 shown in Table 1 is taken as an example. When the H2O concentration at z=L is zero (XB2=0) and the one at z=0 is relatively small (XB1 << 1),t it is * , t Reduction of an iron oxide pellet is supposed. In the region of Knudsen diffusion, it is estimated from a report of Hara et al.24> that the pressure on the reaction interface is about 1.28 (1.07) times as much as the pressure on the outer surface of the pellet being reduced with H2 (CO) at 800°C. Under usual experimental conditions the diffusion process is considered to be in the transition region, and therefore the pressure of the system can be approximated to be constant in some cases.
found from Fig. 7 that the relation between xAi and XCi can be approximated by a straight line, i.e., This expression can be reduced to the following form when the porous medium is mono-disperse and consists of macropores or when the porous medium is bidisperse but can be considered to be a mono-disperse body composed of macropores : Effective diffusivity for equimolar counter diffusion in a binary gas mixture through a mono-disperse porous medium composed of macropores is given** as follows: Influence of an inert gas on equimolar counter diffusion through mono-and bi-disperse porous media is considered to be expressed approximately by using effective diffusivities given by Eqs. (45) and (44), respectively.
VII. In the Case of Radial Di ffusion in a Spherical Shell The expressions for the simple one-dimensional diffusion mentioned up to this section are extended to those for the radial diffusion in a spherical shell as follows:
It is assumed that the effect of curvature is negligible because the unit constituent particles are very small in comparison with the porous body (see Fig. 1 ). Then, the diffusion rate nA through a spherical shell from a reaction interface ri to the sample surface ro can be derived on the basis of the expressions for the simple one-dimensional diffusion by using the follow-
ing relation between nA and NA:
After substituting r for z in Eqs. (16) and (8) and using Eq. (47), integration of the resultant equations from r = ri to ro yields the equations corresponding to Eqs. (17) and (11) The latter is the expression for diffusion rate of component A in a binary A-B through a bi-disperse porous sphere. Combination of Eqs. (48) and (49) gives the effective diffusivity which is the same as Eq. (18) after replacing XA1 and xA2 by xAi and xAo, respectively. Therefore, Eqs. (19) and (20) in the regions of Knudsen-and molecular-diffusion control are valid for the case of radial diffusion when xAi and xA2 in Eq. (20) is replaced by xAi and xAo, respectively.
After substituting r for z in Eq. (34) and using Eq. This is the expression for diffusion rate of component A in a ternary system A-B-C, where component C is inert and components A and B counter-diffuse equimolarly through a hi-disperse porous sphere. Effective diffusivities for this case and the same case except that the porous sphere is a mono-disperse body composed of macropores are also given by Eqs. (44) and (45) respectively after replacing xC2 by x00.
VIII. Conclusions
Effective diffusivities of hi-disperse porous media at constant pressure are derived theoretically and influence of an inert gas is discussed. Conclusions obtained are as follows :
(1) For predicting effective diffusivities of bi-disperse porous media, an improved model in which tortuosity factors of the macro-and micropores are taken into account is proposed on the basis of the Wakao and Smith random pore model.4~ The diffusion rates of binary gases at constant pressure and the effective diffusivity are derived according to the model. A method for approximately determining tortuosity factors concerning macro-and micropores is also proposed.
(2) By the use of the experimental data of Wakao and Smith4j and Henry et al.,8~ tortuosity factors of their porous solids are evaluated. The values of rma for some porous bodies and the values of Zmi for all the porous bodies used by the above-mentioned investigators cannot be determined by this method, and therefore unity is tentatively given to them. The theoretical effective-diffusivities calculated by using those values of the tortuosity factors agree better with the experimental ones over the pressure range 0.0006 to 12 atm than those calculated on the basis of the random pore model.
(3) In order to examine the influence of an inert gas on the diffusion process, solutions to the StefanMaxwell equations for equimolar counter diffusion in a ternary gas mixture through a bi-disperse porous medium are derived on the basis of the present model; the diffusion rate and the effective diffusivity in this system are given.
(4) The expressions for the simple one-dimensional diffusion mentioned above are extended to those for the radial diffusion in a spherical shell. Expressions of the effective diffusivities are similar to those for the simple one-dimensional diffusion. The present paper gives the initial steps to evaluate diffusion rate, effective diffusivity, and influence of an inert gas on them in the case of intraparticle diffusion through a bi-disperse porous iron-oxide-pellet being reduced with gas. and then Eq. (8) is obtained.
